Determining the local chemical environment of a species is often a necessity for evaluating its reactivity in the environment. However, obtaining direct molecular-level information is often problematic and may only be possible with severely invasive techniques. We'discuss the physical and chemical aspects of x-ray absorption fine structure spectroscopy (XAFS) and its application in soils. This technique can determine the local chemical and structural surroundings of a particular elemental species in soil and water or other natural systems, without the need to subject the sample to a foreign atmosphere. Electronic information and a fingerprint of the x-ray absorbing element's local environment is provided with XAFS and can be used to determine the speciation of an element in media like soils. Precise structural information (bond distances within 0.02 A) can also be ascertained with this method, although this precision is often difficult to obtain in heterogeneous materials. Nevertheless, XAFS is a method that can contribute significantly to our knowledge of soils and soil reactions.
D
ETERMINING THE BEHAVIOR of potentially hazardous substances within natural systems like soils is becoming increasingly important due to concerns over the deterioration of our environment. Reactions in soils affect the bioavailability, mobility, and speciation of contaminants. For example, reactivity at the solid-solution interface is one of the primary determinants in the fate of many hazardous substances. However, despite the importance of these processes, sorption reaction mechanisms on soils and soil components are not definitively understood. To maintain and preserve environmental quality, it is imperative to accurately determine the fate of pollutants S.E. Fendorf, Division of Soil Science, Univ. of Idaho, Moscow, ID 83844; D.L. Sparks, Dep. of Plant and Soil Sciences, Univ. of Delaware, Newark, DE 19717-1303 ; G.M. Lamble, Brookhaven National Lab., Upton, NY 11973; and M.J. Kelley, E.I. DuPont de Nemours and Co., P.O. box 80304, Wilmington, DE 19880-0304. Received 16 Sept. 1993. "Corresponding author (dlsparks@brahms.udel.edu) .
Published in Soil Sci. Soc. Am. J. 58:1583 Am. J. 58: -1595 Am. J. 58: (1994 in soils and waters. Furthermore, agricultural practices may significantly benefit from such studies by enhancing nutrient availability while minimizing contaminant bioavailability, which may retard plant growth.
Traditionally, macroscopic approaches have been employed to study most soil chemical reactions, especially reactions at the solid-solution interface. Mechanistic models that are postulated largely on macroscopic data attempt to give microscopic representations of the interfacial regions (Westall and Hohl, 1980) . However, while important and meaningful information is obtained from macroscopic approaches, it is necessary to incorporate data from direct atomic-level probing techniques to properly develop physically realistic mechanistic models. Knowledge of reaction mechanisms may also allow reaction pathways to be controlled, which should facilitate successful environmental remediation procedures. An abundance of atomic-level probing techniques are currently available. However, many of these techniques are invasive since experiments must be performed under adverse conditions (e.g., desiccation, high vacuum, heating, or particle bombardment). Such conditions may yield data that are misleading due to the resulting experimental artifacts. Fortunately, recent advances in spectroscopic and microscopic methods expand the opportunity to obtain information in situ, eliminating artifacts induced by sample preparation during an experiment.
Magnetic and vibrational spectroscopies, such as electron paramagnetic resonance, nuclear magnetic resonance, infrared, and Raman spectroscopies, are prevalent and offer solution, surface, and solid-state information that can often be obtained under noninvasive sample Abbreviations: XAFS, x-ray absorption fine structure spectroscopy; XANES, x-ray absorption near-edge spectroscopy; EXAFS, extended x-ray absorption fine structure; RSF, radial structure function; TEM, transmission electron microscopy; DRIFT, diffuse reflectance infrared Fourier-transform spectroscopy.
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SOIL SCI. SOC. AM. J., VOL. 58, NOVEMBER-DECEMBER 1994 conditions. Surface probing microscopies, such as atomic force and scanning tunneling, also offer a host of unique features for investigating surface reactions.
One of the most powerful spectroscopic techniques recently applied to study the atomic nature of natural materials is XAFS. This technique encompasses two dominant regions, resulting in the spectroscopies denoted as x-ray absorption near-edge spectroscopy (XANES) and extended x-ray absorption fine structure (EXAFS) spectroscopy. X-ray absorption fine structure spectroscopy is itself a division of x-ray absorption spectroscopy, which incorporates fluorescence and XAFS spectroscopy.
With XAFS the local environment of an element is probed, allowing application of XAFS to the study of materials without long-range order (e.g., solution species or amorphous materials). It has been applied to problems in physics, chemistry, biochemistry, and material science for some time (Sayers et al., 1971; Frank et al., 1987; Shiemkeetal., 1988; Corker etal., 1991) . X-ray absorption fine structure spectroscopic research on earth and marine materials is also well established (Arrenhius et al., 1979; Crane, 1981; Calas and Petiau, 1983) . More recently XAFS was applied to the study of metal reactions in aqueous geochemical systems including reactions of metals on soil constituent surfaces (Hayes et al., 1987; Brown and Parks, 1989; Combes et al., 1989a,b; Chisholm-Brauseetal., 1990a,b; CharletandManceau, 1992; ManceauandCharlet, 1992; Fendorf etal., 1994) . Kelley etal. (1993, unpublished data) also used XAFS to speciate Pb in contaminated soils. Such an approach could prove invaluable in developing sound strategies for remediating contaminated soils. The ability of XAFS to discern chemical states in complex systems is exemplified by the quantitative speciation of S in coal (Huffman et al., 1991) , petroleum materials (George and Gorbaty, 1989; Waldo et al., 1991) , and biological systems (Frank et al., 1987) .
These studies suggest that valuable information can be obtained from the thoughtful use of XAFS. The recognition by soil science researchers of the attributes of XAFS led to the development of a regional research committee (NCR 174, Soil EnviroCARS [Consortium for Advanced Radiation Sources]) to obtain a dedicated facility at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL) with XAFS and other spectroscopic and diffraction capabilities.
Because XAFS can offer such a wealth of information on soils, and thus some indication of reactions, and since it is an unfamiliar technique to most soil scientists, a discussion of the attributes and limitations of its application would be useful. Accordingly, the objectives of this review were to: (i) provide background theory on the physical and chemical principles of XAFS, (ii) describe experimental details of XAFS, and (iii) show the application and shortcomings of XAFS in the study of soil chemical reactions.
Physics of X-ray Absorption Fine
Structure Spectroscopy There are many processes by which x-rays deposit energy in matter that they encounter. These are discussed at length in standard physics textbooks; only one of them is of interest in XAFS: photoelectric absorption. The essence of photoelectric absorption is that an x-ray photon transfers its energy to an electron of the absorbing material (Fig. 1) . In XAFS, the energy is sufficient to excite a single, tightly bound inner ("core") electron. The energy balance for simple photoelectric absorption is written as hv = BE + KE [1] where hv is the energy of the x-ray photon, BE is the binding energy of the particular electron and KE is the kinetic energy of this electron, i.e., KE is the portion of the original photon energy that remains after overcoming the binding energy.
The binding energies are unique to the specific electron and the specific element; i.e., Cr-K at 5989 eV and Pb Lin at 15035 eV. Designation of these electrons as Is and 2ps/2, respectively, may be more familiar to chemists and soil chemists. Binding energies for all elements are tabulated in standard chemistry and physics handbooks. The important point is that since each element has a unique set of binding energies, choosing the appropriate energy window for experiments makes XAFS an inherently element-specific analytical technique. Data may thus be selectively obtained for an element of interest in a complex matrix, provided of course that the energies at which the other elements absorb are not so close as to cause interference.
Another point to notice in the energy balance equation (Eq. [1]) is that unless hv exceeds BE, no absorption by this electron can take place. Thus, absorption increases abruptly at approximately hv = BE: an absorption edge. The first issue is to define exactly what energy value on the plot (Fig. 2) corresponds to the edge. The usual practice is to take the derivative of the data and assign the edge as the inflection point, which usually occurs about halfway up the rise. Other practices are to simply assign the halfway point or to choose some clearly discernible feature. For purposes of data analysis later, the key thing is to make a consistent choice and follow it carefully. A further effect is that the exact energy at which the edge occurs is influenced by the chemical state of the absorbing atom. Commonly, the edge energy shifts «1 to 2 eV higher per electron withdrawn by chemical compound formation. X-ray photoelectron spectroscopy (also known as electron spectroscopy for chemical analysis) also uses binding energy shifts to obtain chemical state information.
The intensity of absorption is described by the thickness of the sample and the absorption coefficient, p,, for the particular material at a specific energy (i.e., \i is a function of energy). In transmission, this is expressed by a simple exponential attenuation: the ratio of initial intensity, 7 0 , to the intensity after penetrating the sample, /, is related exponentially to the sample thickness, x:
7// 0 = exp (-ujc) [2] Since sample thickness may be difficult to measure accuEnergy Relative to Cr K-edge (eV) 
1586
SOIL SCI. SOC. AM. J., VOL. 58, NOVEMBER-DECEMBER 1994 rately, a more convenient approach is to express n in terms of the mass of the material in the beam path per unit area of beam. The mass absorption coefficient is simply \i divided by the material density, p, yielding uV p. The total mass absorption coefficient of a sample is the summation of the mass absorption coefficients of its constituent elements: (uVp)totai = -E(n/p)/. Mass absorption coefficients thus have units of area per unit mass (cm 2 g~') and are tabulated as a function of x-ray energy (McMaster et al., 1969) .
X-ray Absorption Near-Edge Spectroscopy
We now need to look more closely at what takes place as hv increases toward BE. The energy balance, Eq.
[1], asserts that the minimum energy the core electron can absorb is just enough to separate it from its atom. In fact, it can absorb slightly less energy when the atom has unoccupied electron states at energies between that of the most weakly bound valence electron and zero binding energy (the vacuum level). Such states are especially available if some of the valence electrons are removed through compound formation such as oxidation. This results in very strong absorption at the edge, which is termed a white line because in early studies using film recorders to measure transmittance, a white line resulted on the film at these energies (see Fig. 3 ). The white-line intensity reflects the rate of transitions from the core state to the unoccupied state. The rate is affected by the density of such states and the spatial overlap between the core and unoccupied valence states, which is determined by their symmetry character since x-ray absorption is governed by dipole selection rules. These rules assert that state-to-state transitions driven by photon absorption can change angular momentum quantum number by one mixing in the chromate ion) so that prominent preedgeedge peaks may arise even for s -*• d transitions, e.g., the characteristic preedge peak of Cr(VI). Because complicating factors are so prevalent, the relation between white line intensity and chemistry is best understood as a fingerprint, but can be placed on a quantitative foundation by careful experiments with appropriate reference materials. Quantitative measurements of S oxidation states are made by noting the energy position of the white line resulting from the s -*• p transition (Frank et al., 1987; George and Gorbaty, 1989; Huffman etal., 1991; Waldo et al., 1991; Vairavamurthy et al., 1993) . A linear relationship between edge shift and valence state was proposed by Kunzl (1932) , but this relationship is ideally only valid for monotonic ionic species. Molecules that are not fully ionic may deviate from this linear relationship due to significant covalent bonding or other complicating factors. Fortunately, the strong electron withdrawing capacity of O in oxyanions preserves the linear relationship between the edge position and valence state, as demonstrated by the white line positions for S species (Frank etal., 1987; George and Gorbaty, 1989; Huffman et al., 1991; Vairavamurthy et al., 1993) .
Once the photon energy exceeds the binding energy, the electron leaves the original absorbing atom (absorber). The events that follow are best described in terms of the electron's wave nature and are illustrated schematically in Fig. 4 . For an electron ejected from an isolated atom, the waves would simply move spherically outward without limit. The wavelength depends inversely on the photoelectron's kinetic energy.
In a solid, however, the waves encounter neighboring atoms that surround the absorber. One consequence is that part of the outgoing wave scatters back toward the absorber. For the correct combination of wavelength and x-ray absorption process. When a photoelectron is created by an impinging x-ray photon, the photoelectron wave will emanate outward from the central (absorbing) atom (shaded circles). The photoelectron will travel a distance R (the interatomic distance) and then be backscattered by coordinating atoms. The backscattering efficiency (Fj) will be determined by the type of neighboring atom. The returning (backscattered) wave will then encounter outgoing waves, resulting in an interference effect that modifies the absorption. This produces a fine structure in the x-ray absorption spectra.
distance, the backscattered wave arrives back at the absorber in phase with an outgoing wave, resulting in constructive interference. As the x-ray photon energy is increased from that which resulted in constructive interference, the photoelectron wavelength decreases until the waves are 180° out of phase, yielding destructive interference. Increasing x-ray energy further brings us back to constructive interference, and so on. This constructive and destructive interference as a function of x-ray energy results in increased and decreased probability for x-ray absorption. It is not intuitive that the original x-ray absorption should be influenced by these interference events seemingly "after the fact", but such is the case: the absorption is a function of the final state wave function. The useful consequence is that the intensity of x-ray absorption above the edge oscillates in such a way that information about the local atomic environment of the absorber can be obtained.
This description shows events in terms of backscattering from the nearest atoms directly to the absorber only. In fact, for photoelectron energies of perhaps 40 eV and lower, the waves can travel much farther than the short round trip just described. They can do so without losing their phase relationship (coherence) with the original absorption that makes the interference possible. Thus, the scattering path from the absorber to one neighbor, then to another, and back to the absorber contributes sufficiently that it cannot be ignored. That is, multiple scattering must be considered explicitly, not just as a correction to single scattering. The part of the spectrum where multiple scattering dominates extends out to =40 eV above the edge, though the boundary is not sharp. This energy is XANES (see Fig. 3 ), although it is also often referred to as the near-edge x-ray absorption fine structure. It contains distance, symmetry, and chemical information. Although this energy region is rich in information, a mathematical description of the chemical and physical events that produce the spectrum is more difficult than for the higher energy region of the spectrum (the EXAFS, see Fig. 3 ). Consequently, XANES is often used as a spectral "fingerprint" to compare unknown materials with standards.
Extended X-ray Absorption Fine Structure
Returning to the description of electron scattering, the key is the fixed phase relationship between the outgoing and backscattered electron waves. As photoelectron energy rises, the distance traveled across which the electron wave can maintain coherence decreases. Above = 40 eV, this limits the multiple-scattering contribution sufficiently that single scattering is an adequate description. This EXAFS can extend beyond 1000 eV above the edge, especially for heavy elements. An immediate point is that to make use of EXAFS data, spectral interferences must be absent from this region. As a consequence, detailed structural analysis using EXAFS can be difficult in heterogeneous systems such as soils.
The wave-scattering and interference processes that give rise to EXAFS are pictured in Fig. 4 . The structure of the solid is viewed from the absorber and described as a series of successive shells of equidistant atoms. The observed EXAFS oscillations reflect the sum of the constructive-destructive interference at the absorber between the outgoing photoelectron and the backscattering contribution from each shell. The mathematical description needs to consider the amplitude and phase of each contribution such that the correct summation can be made. Even assuming pure single scattering, this is a formidable task since all the waves are spherical with different origins. However, the goal here is to develop an understanding of the way in which different factors influence EXAFS so that one can conduct experiments and interpret trends in the data.
Isolating the contributions of the backscattering phenomena in the energy absorbance is the first step in determining the structural parameters inherent in the EXAFS. The oscillatory portion of the EXAFS, generated from the backscattering effects, is isolated from the total absorbance by subtracting the absorbance that would occur if the atom were not coordinated by other neighboring atoms. The oscillatory portion (%) is then normalized to the number of absorbing atoms present:
where E is energy (eV), and \i 0 is the absorption coefficient for an isolated absorber.
The mathematical treatment of EXAFS usually describes the absorbance as a function of the wavevector k. The wavevector is an energy-related unit defined as
1/2 (where Ti is Planck's constant divided by 2n, m is the mass of an electron, and E 0 is the electron binding energy), and generally has units of A"
1 . The kinetic energy is expressed in this equation as the difference between the energy of the original x-ray photon and the binding energy of the electron prior to its ejection (E -E 0 ; see Eq.
[1]). The importance of a consistent assignment of edge position is thus highlighted: errors hi assigning E 0 translate directly into differences in wavevector that are not real. The resulting x(k) function that describes the backscattering contribution to absorption is the sum of a series of sine waves:
The factors in Eq.
[4] express the detailed atomic events that control the phase and amplitude of the backscattered wave at the location of the absorber. To see more clearly what these factors are and what impact they have, consider the contribution from they'th shell. First, note mat only factors within the sine function affect the phase. The most important is the distance to thejth shell, Rj. If the round-trip distance is an integral number of wavelengths, the resulting interference will be constructive. The second is the phase shift factor, (p/k). Physically, the phase shift arises because the photoelectron "feels" the positively charged nucleus of the absorber and of the backscatter as it leaves and returns from each -a coulombic interaction. Figure 5 shows some calculated phase functions for various elements.
Several factors affect the amplitude. The number of atoms coordinating the absorber in thejth shell, Nj, has a linear effect on the amplitude. Some amplitude intensity can be lost at the absorber from the photoemission process, e.g., through excitation of electrons other than the core electron (shake off, the ejection of a "passive" electron, or shake up, the excitation of a "passive" electron to a bound unoccupied higher orbital). All such events are summed into So. As the photoelectron makes its round trip to the backscatterer, there is some likelihood that it will lose energy to other processes such as plasmon excitations. These phenomena are summed into the coherence length, A,/k), which is similar to the inelastic mean free path. The A term is a "core radius" of the central atom, which prohibits counting the inelastic processes twice.
In an ideal structure, all the atoms of the shell would be exactly at distance /?,. In real materials, they are not. Some are a little out of position because of structural factors, especially at a surface -static disorder. All are vibrating about their nominal position because they have thermal energy -thermal disorder. Since these motions are not in perfect phase for all atoms in they'th shell, some amplitude-reducing interference occurs. The particular expression in Eq.
[4] assumes that the disorder occurs symmetrically about the nominal position in a way that can be described by a Gaussian function, which results in the Debye-Waller factor, o. However, o is not always well described by a Gaussian function. Decreasing the amplitude reduction generated by o is the chief reason for taking measurements at low temperature, often in liquid N at 77 K, due to the decrease in thermal motion.
The magnitude of the backscattering amplitude is given by the factor F jy (k) . By this we mean backscattering from atoms of element y in the j\h shell. Its value is dictated by the potential of the atom from which the scattering takes place and thus generally increases with increasing atomic number. This explains why, in general, the EXAFS function extends to higher k values for heavier backscatterers. The k dependence is complex, as the examples in Fig. 6 show, imparting a characteristic envelope shape to the EXAFS function as a whole. This shape is generally discernible for heavier elements where it is a valuable fingerprinting tool, but not for light backscatterers such as O.
Experimental Techniques
The goal of EXAFS experiments is to obtain data that can be analyzed according to Eq. [4] . This section describes the main features in the analysis, but there are many additional subtleties that are discussed in a number of references.
In its essence, an XAFS experiment consists of impinging on the material being studied an intense x-ray beam having a narrow energy resolution, scanning the x-ray energy through the required range, and collecting the transmitted beam or some surrogate for it. As a practical matter, the only suitable x-ray sources are at synchrotron storage rings. In the U.S., these are the National Synchrotron Light Source at Brookhaven National Laboratory, Upton, NY, the Stanford Synchrotron Radiation Labora- tory, Stanford, CA, and the Cornell High Energy Synchrotron Source, Ithaca, NY. Details of these sources are given in their user handbooks. New sources are being developed at the Argonne National Laboratory (the Advanced Photon Source, APS) for start-up in 1996â nd the Lawrence Berkeley Laboratory, Berkeley, CA (the Advanced Light Source, ALS), which is commencing start-up in 1993-1994. All have user facilities such that researchers need to bring only their experimental materials and any special sample handling equipment, e.g., environmental cells.
Typical beamlines at these sources operate in the energy range from ~ 4 or 5 to 25 or 30 keV, but the energy range is greatly expanding with the introduction of the ALS and APS. Elements from Ti through at least Pd can be accessed via their K edge, Cs and above via the Lm edge. Silver through I are typically studied at the K edge, but sometimes special arrangements (e.g., a monochromator crystal change) need to be made. Experiments involving Ca and lighter elements face the problem of strong x-ray absorption in an ambient air environment, as well as in the experimental materials. The general strategy for the study of lighter elements is to minimize unnecessary absorption by operating in He (gas) or in a vacuum with minimal windows. Further, the experimental materials are prepared so that significant dimensions (e.g., particle size) are appropriately scaled with respect to the dimensions of absorption. For soils and related materials, it is always necessary to be sure that experimental conditions and preparation do not diminish the relevance of the information to soil science.
The means for measuring the XAFS most pertinent to soil-related materials are transmission and fluorescence (Fig. 7a) . Transmission experiments determine x-ray absorption in the material being studied from the incident Note that the logarithm has been inverted in order to make ujc positive. A convenient aspect of transmission experiments is that the x-rays one wishes to detect are localized into a small beam that can be collected efficiently by two detectors. A complication is that the detectors are usually ion chambers and operate by x-ray absorption, so that doing the best experiment requires considering them in setting the parameters. Additionally, absorption in the sample occurs from both the element of interest and all the other elements present. As noted above, the absorption intensity is given by the sum of the products of the weight fraction and the mass absorption coefficient for each constituent element at the specific x-ray energy being considered. Getting the best signal/ noise requires optimally balancing absorption among the various components. The parameters that can be varied are: the concentration of the target element in the sample, the sample thickness, and the length and gas composition of the 7 0 (incident) and / (throughput or transmitted) detectors. In the sample, a jump height of unity and a total absorbance at the edge <2.5 are desirable. Though one can seldom perfectly achieve these parameters, departing far from them results in a sacrifice in data quality. The composition and thickness of the analyzed material must be highly uniform and free of pinholes. Any defects in the sample mean that / and 7 0 are no longer related exclusively by simple exponential attenuation as described above, and the data analysis will give misleading results (Stern and Kim, 1981) . Furthermore, the optimum sample thickness for EXAFS measurements can be vastly excessive for white-line studies, where x-ray absorption is much stronger.
Fluorescence experiments (Fig. 7b) take advantage of the fact that much of the x-ray energy absorbed by the target element is reemitted as characteristic x-rays. They originate from the core hole created by photoelectric absorption, which often is filled by an electron from a more weakly bound (higher) shell (especially for heavier elements). The energy difference between the two shells is emitted as a corresponding x-ray photon. Since the photon energy is the energy difference between the two shells, it is highly characteristic of the element. The rate of x-ray photon production is proportional to the rate of core hole production and is thus a measure of x-ray absorption; note that the proportionality constant is different for each shell of each element.
The general mathematical description of fluorescence x-ray production is more complex than the transmission situation (Tan et al., 1989) . Many factors need to be considered that are beyond the scope of this review. Fortunately, for soils and related materials it is often the case that the target element is dilute (on the order of 1 % or less) and absorption of the fluorescence x-rays on their way out of the sample is much lower than that of the primary beam. Then it is a good approximation that absorption is given by: 1590 SOIL SCI. SOC. AM. J., VOL. 58, NOVEMBER-DECEMBER 1994 Fluorescence: = /f//0 [6] where 7 f is the measured fluorescence x-ray intensity.
Fluorescence experiments are able to produce useful data from much more dilute materials than transmission, since the transmission experiment on a dilute sample involves taking the ratio of two large numbers, /<,//. In the case of fluorescence, one makes huge gains in the signal/noise ratio by directly measuring the fluorescent signal. This, plus the simpler sample format often makes fluorescence the approach of choice in dealing with soil materials. Concentrated samples, however, are quite unsuitable for measurement in fluorescence mode, since they lead to a distorted EXAFS function due to "selfabsorption" (Jaklevic et al., 1977) . However, explicit calculations of the self-absorption processes have enabled determination of the true XANES absorption spectrum, allowing extraction of accurate structural information (Waldo etal., 1991) .
Unfortunately, fluorescence experiments are not without complications. First, the fluorescence x-rays are emitted more or less equally in all directions. The challenge in detector design is collecting them efficiently. For this reason, the sample is turned 45° toward the detector. A further strategy is to use the largest detector and shortest possible distance to the sample; this maximizes the solid angle intercepted by the detector as viewed from the sample. A second complication is that the x-rays entering the detector contain scattered primary-beam x-rays as well. Some are elastically scattered from the sample itself; the intensity of such scattering increases with the average atomic number of the sample. Thus, biologists with their predominately organic matrices will always have an advantage over soil scientists. In addition, the problem will be greater with Fe oxides than with Ti oxides and clays. The established remedy is to interpose between the specimen and the detector a sheet of x-ray absorbing material (a filter) chosen to have an absorption edge at a higher energy than that of the fluorescence x-rays, but below that of the primary beam. This reduces the amount of scattered primary radiation reaching the detector since the filter will strongly and selectively absorb it. For example, a V filter is used at the Cr-K edge and As with the Pb-Lm edge.
X-ray entry into the detector is not inherently angle restricted to the direction of the sample; thus, the amount of the scattered primary beam entering the detector is facilitated. Angle restriction is achieved by a specially arranged set of metal foil strips (Seller slits) that significantly attenuate radiation coming from directions other than that of the specimen. The Soller slits also help to attenuate fluorescence x-rays that may be emitted by the filter after absorbing the scattered primary beam. Despite these measures, primary radiation scattered from the specimen is a major source of background noise in fluorescence XAFS and often sets the lower concentration limits. A new generation of solid-state detectors replacing the ion chambers for fluorescence x-ray detection seeks to improve the situation by energy-selecting the x-rays it reports -in effect discriminating against primary x-rays. However, solid state detectors respond improperly at very high count rates so that using an ion chamber (which is much less vulnerable to this problem) for fluorescence detection may still be the fastest way to collect good data for a given material.
A third complication in using fluorescence is the prospect of absorption of the fluorescence x-rays by some constituent of the sample. The worst case is when other elemental constituents of the soil material have an edge not too far below the major fluorescent emission of the metal being studied. For example, the major Cr lines (Ka) appear at 5414 and 5406 eV; the Ti K edge is at 4966 eV. Absorption by Ti is so strong that fluorescence detection is not viable for Cr on TiO2.
Data Analysis
The two spectral regions, XANES and EXAFS, have both common and unique data analysis issues. The starting point is the raw spectrum, which one assumes was collected optimally for the intended spectral region. One needs to make a final calibration of the energy axis and remove contributions other than the edge of interest. This is accomplished by extrapolating the preedge background into the region under the edge and then subtracting it. Since samples have different concentrations, the data are normalized to a per-atom basis using the jump height. Studies of white lines in XANES require great care in exactly how these steps are done (Meitzner et al., 1992) .
The XANES features can be compared directly by subtracting or overplotting other spectra (for comparison with knowns or other unknowns). Some species give strikingly different, easily recognizable XANES profiles while others are much more similar (for example, see Fig. 8 : Cr 3+/6+ vs. Pb species). If the XANES of an unknown and reference compound coincide exactly, one may reasonably conclude that the atomic-level chemistries are very similar. This does not imply that the structures are also. As noted above, differences in whiteline intensities can often be understood hi terms of more extensive electron transfer out of the absorbing atom (oxidation) in one material than hi another. However, it needs to be established in each specific case that this simple interpretation suffices. Despite such complications, XANES data continue to attract increasing attention for a variety of reasons: (i) they contain chemical information and so are available even in the absence of sufficient structure to yield useful EXAFS, (ii) they require much less spectral range so that materials that might have too many interferences for EXAFS can be studied, and (iii) they reflect the strongest of the spectral regions, permitting study of more dilute materials.
Data reduction for XANES and EXAFS shares many common features. Since the preedge background subtraction and jump height normalization is already done, the next step for EXAFS analysis is to isolate the xQO function from the postedge background in a way that doesn't introduce artifacts. This is commonly accomplished by fitting a line to the "atomic" absorption and subtracting it from the total absorption (Eq. the total for strongly scattering metal foils and far less for isolated adsorbed ions. Having obtained the x(k) function, it is then often multiplied by some power of k. Applying a weighting to approximately equalize the amplitudes throughout the range of interest is typically most appropriate, unless one wishes to emphasize a particular region of the XAFS spectrum. Because the amplitude of the x(k) function decays with increasing energy above an absorption edge, weighting helps to equate the natural loss in amplitude.
Various approaches have been used for data analysis of the EXAFS (Eq. [4]). Most analyses employ a fitting method of some kind, either using parameters derived experimentally from standards or derived theoretically from calculated functions. Typically, the first step in most methods^ is to Fourier transform the data, from wavevector (A" 1 ) to distance (A), in order to separate the spectrum into separate components. The Fouriertransformed data produces a RSF with peaks that correspond to atomic shells uncorrected for the phase shift. Subsequently, applying a back-transform to a single component of interest in R-space (real space, A) will yield a single frequency corresponding to that component. The Fourier filtering process extensively smoothes experimental data. Thus, presenting filtered data without the accompanying raw data from which it was derived can be very misleading. In order to not obscure reality, one should always present "raw" data in some form in addition to the filtered scans for reference. Figure 9 illustrates a X(k) function for Cr before and after Fourier filtering, along with the Fourier-transformed spectra. One then fits a curve to this back-transformed function, using either experimentally or theoretically derived parameters, by varying the unknown parameters within an XAFS formulation. In favorable circumstances, with a well-defined system, good standards, and excellent data quality, the resulting distances can be accurate to less than +0.02 A and the coordination number accurate to within 20%. Though such precision is appealing, as might be supposed, data analysis offers many pitfalls, even for the extensively experienced. However, the major features of quantitative analysis of EXAFS data are well established.
Application of X-ray Absorption Fine Structure
Spectroscopy to the Soil Environment The ever-increasing concerns about environmental quality necessitate obtaining an accurate and detailed knowledge of soil chemical properties and the fate of nutrients or contaminants in soils and waters. Advances in spectroscopic and microscopic methods have greatly enhanced our ability to obtain direct information about soil chemical reactions. The XAFS technique oifers a host of beneficial attributes for investigating soil processes, but the majority of studies utilizing this technique were conducted on rather simple homogeneous systems rather than natural soils or sediments. Investigations of metal sorption on oxides and aluminosilicate clay minerals and the precipitation of "pristine" (hydr)oxides were particularly enhanced by employing XAFS. Although XAFS has not yet been applied extensively to soils, it offers exciting prospects for enhancing our knowledge of numerous properties and reactions in such heterogeneous systems. The following is a brief case description of studies conducted with XAFS along with our view of other possible uses of this technique in soil and environmental sciences.
Analyses using XAFS can provide much useful information to soil chemists and mineralogists including: short-range order structural information on solids, liquids, or sorbates; inorganic speciation; and the parameterization (quantification or qualification) of other analytical methods. Detailed structural information can be ascertained with EXAFS, and it has been employed for Distance ( determining the structures of minerals and surface-bound species. Although XAFS is inherently not surface sensitive (unless a more complex experimental setup is used), various studies have been conducted on ion sorption phenomena in colloidal suspensions. An advantage of XAFS for investigating sorption phenomena is that experiments can be conducted in an unaltered state, in situ. Table 1 lists a number of studies involving metal reactions on soil components. The typical approach for sorption experiments on hydrous oxide or aluminosilicate clay minerals is to select a material with the highest surface area possible, which produces the highest concentration of sites per unit weight. The absence of backscatterers beyond the first shell in the RSF (derived from the Fourier-transformed data as discussed above) is evidence for an outer-sphere surface complex, while interatomic distances of the sorbate-sorbent complex can be obtained for inner-sphere retention mechanisms. Fully fitting the %(k) function defines the population of successive shells outward from the absorber (i.e., the number, distance, and type of backscatterers). Desirably, the data quality constrains these values sufficiently to discriminate among possible models for expected surface structures, thus allowing one to deduce retention mechanisms.
Reaction studies are also possible with XAFS. For example, Manceau and Charlet (1992) studied the oxidation of Cr(III) to Cr(VI) on Mn oxides. The production of Cr(VI) was determined from its intense white-line features, while the sorption structure of Cr(in) on Mn oxides was determined with EXAFS. Manceau and Charlet (1992) determined the structures of the sorbed Cr(III) species by considering characteristic metal-metal octahedral bond lengths -a "polyhedral approach". This approach was implemented in an earlier study for the characterization of Fe and Mn oxides (Manceau and Combes, 1988) .
In addition to sorption experiments, XAFS has been used to determine the structure of minerals. The complex structure of various Mn oxides was determined utilizing EXAFS in one of its first applications to natural materials (Arrenhius et al., 1979) . The site vacancies present in many Mn oxides were determined, as was the structural environment of interlayer cations (e.g., Cu and Zn). Further investigations using XAFS spectroscopy have revealed many of the structural details of Mn oxides (Manceau and Combes, 1988) .
The precipitation of Fe (hydr)oxide gels and their transformation into crystalline (hydr)oxides is an important factor affecting soil chemical reactions. However, details of these reactions are difficult to obtain even in simple systems. By employing EXAFS spectroscopy to these relatively simple systems, in situ investigations were conducted on the structure of the amorphous Fe (hydr)oxide gels and their progressive development into crystalline forms (Combes et al., 1989a,b) . Waychunas et al. (1983) and Waychunas (1987) used XANES spectra to determine chemical and structural aspects of Fe and Ti in minerals. Quantitative information on bond angle and first neighbor distances of silica glasses (Marcelli et al., 1985) and zincblende (Sainctavit et al., 1987) were also resolved using the XANES portions of the x-ray absorption spectra. Petiau et al. (1987) and Petiau and Calas (1985) give further details on quantitative aspects of the XANES spectra utilized in these mineralogical systems.
While the application of EXAFS to complex soil systems remains an arduous task, the information gained from such studies would be extremely useful. By first investigating elements of interest in a single structural environment and progressively moving to more complex multisite systems, one may begin to resolve EXAFS structural information on natural soils. We are currently using such an approach that involves first investigating Cr(ni) complexation on Si oxides (Fendorf et al., 1994) , then progressing to aluminosilicate clay minerals and primary minerals, and finally studying real soil systems. With mis approach, the results of each step provide reference data for the next, more complex environment. Furthermore, the Cr-K edge energy is sufficiently greater than other elements present in these systems so that neither the incident nor the fluorescent x-ray intensities are sacrificed, and no other absorption edge complicates the Cr XAFS spectrum.
The XAFS technique can also be used to parameterize selective dissolution or other solution-based experiments. Determining the chemical state of solid-phase constituents is important, as such information reflects the potential for solubilization and the behavior of a species entering the aqueous environment. Selective dissolution experiments, or simply total dissolution of solids, has often been employed to ascertain information on a solidstate species; however, with such measures one cannot be sure that the results are not affected by the experimentally employed procedures. In this area of research, XAFS provides a useful means for determining the chemical and structural state of solid phases.
The utility of XAFS for determining chemical species and structures is exemplified by investigations of S forms in coal and petroleum. The XANES technique was employed to quantitatively identify S compounds including elemental S, sulfides, thiophenes, sulfoxides, sulfones, sulfinic acids, sulfonic acids, and SQl~ in heavy petroleums, petroleum source rock extracts, and source rock pyrolysis products (Waldo et al., 1991) . In that study, XANES provided an ideal means for measuring S in situ, since it gave excellent sensitivity to changes in electronic and structural environments. Additionally, relative peak areas of XANES were employed to quantitatively determine weight percentages of S forms in various coals (Huffman et al., 1991) .
Limitations of X-ray Absorption Fine Structure Spectroscopy
The attributes and applications of XAFS are many. However, one should quickly realize from the above discussion that the study of an element in a complex matrix may be problematic and thus most current EXAFS studies are conducted in simple (relative to natural soil environments) systems. Unfortunately, complex matrices may impede EXAFS analysis due to the composite of chemical environments in which the absorber resides. In addition, the experiments may be hindered by incident or fluorescent x-ray intensity losses due to absorbance by other elements in the material. Currently, XANES has offered the most applicability to complex natural systems.
The XANES features represent a fingerprint of the chemical state of the absorber. Hence, known model compounds can be used to generally identify the state of a species within a given sample. This is particularly beneficial for investigating unknown heterogeneous samples in which the state of an absorber cannot be determined by other means. The edge position and other spectral features of XANES give important qualitative and, in some cases, quantitative information as to the valence and chemical state of the absorber. Furthermore, the XANES features provide bonding and electronic information about an absorbing species. Consequently, using XAFS one could relate structural and chemical changes occurring in the solid phase to solution components during a selective dissolution experiment. In fact, Tyson et al. (1989) used extended continuum multiplescattering computations of polarized XANES to ascertain the symmetry and final-state type of sulfate, chlorate, thiosulfate, and dithionate.
Many environmentally important constituents of soil or water systems are in relatively low total concentration. Analysis of these dilute elements can be difficult with XAFS since the total sample is probed rather than an isolated area. This problem is exemplified in the study of surface species in which the sorbate only constitutes a small fraction of the total material. Generally, one would like a few percentage points or greater of the absorber for transmission experiments. Fluorescence detection has provided reasonable sensitivity for more dilute systems (down to =0.1% w/w); however, much improvement is often needed for EXAFS analysis of dilute environmental constituents. We have recently employed a focusing crystal (Lamble and Heald, 1991) , which has vastly improved elemental sensitivity (to =0.05% w/w) by increasing the incident x-ray flux two to four times between the energies of 6 and 10 KeV. In addition, new highly sensitive detectors (multichannel solid-state detectors) are being employed that dramatically improve one's ability to study very dilute systems.
In addition, in situ XAFS is limited to the study of elements heavier than Ca and its use may be restricted in complex matrices because of overlapping absorbencies of the incident or measured energies. Furthermore, because the availability of synchrotron sources remains limited, a thorough knowledge of a system prior to 1594 SOIL SCI. SOC. AM. J., VOL. 58, NOVEMBER-DECEMBER 1994 conducting XAFS is essential to ensure that meaningful information is obtained.
Use of X-ray Absorption Fine Structure

Spectroscopy with Complementary Techniques
X-ray absorption fine structure spectroscopy offers many advantages for obtaining information on the local chemical and physical environment of a particular element in soils. The structural information obtained with EXAFS in simple, relatively homogeneous systems can also be used to quantify or augment other experimental techniques. For example, x-ray diffraction or TEM can be used to determine a sample's long-range order while XAFS examines the local order of a particular element in the sample. Microscopic techniques can also complement XAFS experiments by providing visual information on structural alterations of the sample and the spatial locality of these changes.
Inner sphere monodentate surface complexes of Cr(ni) on silica have been identified with XAFS (Fendorf et al., 1994) . A Cr-Si distance of 3.39 A was observed that is indicative of a monodentate complex with a 150°b ond angle. Additionally, Cr backscatterers were present in the coordination environment of the absorber at distances of 2.99 A, which is characteristic for edge-sharing Cr octahedra. Therefore, based on XAFS analysis, Cr(ni) forms a monodentate surface complex with silica and undergoes Cr-hydroxide nucleation under the invoked experimental conditions -a surface coverage >20% monolayer coverages was employed to give a strong EXAFS spectrum.
These XAFS studies (Fendorf et al., 1994) were augmented with other techniques to reinforce and further ascertain the Cr(III) sorption mechanism on silica (Fendorf and Sparks, 1994) . DRIFT spectroscopy was employed to determine the surface coverage at which Cr hydroxide nucleation occurred. Determining the vibrational modes for Cr-O-Si and Cr-OH-Cr provided a means for identifying the surface complex and nucleation; the Cr-OH-Cr mode was observed at surface coverages exceeding 20%, indicating that surface hydroxide nucleation occurred beyond this loading. High-resolution TEM was employed to discern the spatial proximity of the surface precipitate and its atomic ordering. These images revealed that even when Cr(III) was sorbed in quantities 10 times the amount necessary for monolayer coverage, discrete surface clusters or island structures occurred rather than a precipitate distributed across the surface. Additionally, TEM revealed that the clusters were wellordered material. Consequently, DRIFT and TEM substantiated the XAFS results, while providing further information on the point at which surface nucleation occurred and on the spatial proximity and ordering of the surface precipitate (Fendorf and Sparks, 1994) .
One should not be led to believe mat XAFS is all inclusive and that the need for other experimental techniques is eliminated. On the contrary, XAFS has many limitations and employing it in conjunction with other techniques and studies allows a more thorough and accurate depiction of a given system. X-ray absorption spectroscopy probes the local chemical and structural environment of a single element. Thus, while giving important information about that element, it does not facilitate the study of long-range order, as would be determined with x-ray diffraction, and it does not directly give information on molecular interactions, as might be determined with nuclear magnetic resonance or infrared techniques.
As continued research is conducted with XAFS on soil components, its utility for investigating the complexity encountered in real soils will vastly improve. Because of the abundant detailed information obtained with XAFS from an unaltered experimental environment, employing this technique in remediation measures appears to be promising. Difficulties arise, however, in conducting EXAFS on complex heterogeneous systems, particularly when the absorbing atom resides in multiple structural or chemical environments.
Sources of Further Information
Other excellent sources of information on XAFS spectroscopy are available. Books devoted to XAFS include those by Teo (1986) , Koningsberger and Prins (1988), and Stohr (1992) . In addition, there are numerous review articles on this subject; some of those that are particularly relevant to XAFS applied to soil science include Brown and Parks (1989) and Charlet and Manceau (1993) .
